Abstract: A high-transmittance ultra-thin titanium dioxide (TiO 2 ) film saturable absorber (SA) fabricated by Langmuir-Blodgett (LB) technology is reported and used for the first time to obtain passively Q-switched pulses from a solid-state laser. The optical loss of pure TiO 2 LB film at a wavelength of 1 μm is only 6.5%, and the nonlinear modulation depth, saturation intensity, and non-saturable loss of the entire TiO 2 SA device are 4.3%, 0.125 MW/cm 2 , and 9.8%, respectively. Intrinsic high stability and heat resistance of TiO 2 nanomaterials contribute to a laser output with average power (2.35 W) and a corresponding laser pulse width and repetition rate of 173 ns and 2.008 MHz, respectively. The laser output with the pulse energy of 1.17 μJ and peak power of 6.76 W indicates the excellent potential of TiO 2 nanomaterials for applications in solid-state pulsed lasers.
Introduction
Thanks to the combination of high average and peak powers, the availability of multifarious laser wavelengths and parameters, and high mechanical stability, pulsed solid-state lasers have captured a significant share of the laser market and are used extensively in some commercial fields, for example, in computer, communication, and consumer electronic (3C) product processing, as well as in experimental and clinical biomedicine, precision metal and non-metal processing, and so on. Among pulsed laser technologies, the generation of passive Q-switching pulse is due to periodical energy mutation caused by the nonlinear saturable absorption of intracavity saturable absorber (SA) device; SAs effectively reduce costs and improve integration compared with active modulation systems [1] , [2] . The development of SAs has impelled the diversification of laser pulses. In recent years, following the trend for the development of more flexible and efficient commercial pulsed lasers, new, inexpensive, and high-performance saturable absorption materials have been investigated, including Graphene [3] - [7] , transition-metal dichalcogenides (TMDs) [8] - [13] , black phosphorus (BP) [13] - [20] , and ferroferric-oxide (Fe 3 O 4 ) [44] , [45] . These nano-structured materials possess shorter relaxation times (at the level of picoseconds) than traditional Cr 4+ :YAG SA (about 3 μs) [37] - [39] ; they have better transparency on the premise of guaranteeing excellent nonlinear optical responses, so that they have advantages over traditional semiconductor materials for many applications and almost replace expensive semiconductor saturable absorber mirrors (SESAMs) [2] , [21] . In addition, unlike Cr 4+ :YAG SA (modulation wavelength band of 0.9-1.2 μm) and SESAM [43] (modulated at the specified wavelength), these new nanomaterials SAs can modulate lasers that span a broad range of wavelengths, band from the ultraviolet to the mid-infrared [18] , providing new possibilities for the generation of laser pulses in certain wavelength bands. Thus, research on new saturable absorption nanomaterials becomes a hotspot in the field of pulsed lasers.
At present, the intrinsic instability and low thermal-damage threshold of some new nanomaterials is a hindrance to their application in high-power solid-state laser cavities. Compared to previous BP and Fe 3 O 4 nanomaterials, titanium dioxide (TiO 2 ) nanomaterials, as used in our experiment, possess superior thermal stability and can withstand high-intensity laser-induced heat accumulation, solving the problem of thermal damage. As a type of semiconductor material with high dispersibility and transparency, previously, TiO 2 nanomaterials have been used principally as highly efficient photocatalysts, solid-state dye-sensitized solar cells, and biosensors [22] , among other applications. In fact, many investigations on the third-order nonlinear optical properties of TiO 2 films such as third-harmonic generation [40] , [41] and four-wave mixing [42] have been conducted. Since 2016, in consideration of its several-picosecond recovery time [24] , nonlinear optical characteristics [23] , [25] , and wide absorption band extending to the near-infrared region [26] , attempts have been made to utilize TiO 2 in 1-, 1.5-, and 2-μm all-fiber pulsed lasers as SAs [27] - [31] . In these lasers, TiO 2 nanomaterials are embedded within a polymer film like polyvinyl alcohol (PVA) film and sandwiched in between two end-face ferrules of FC fiber connectors. However, the low flatness and heat resistance of TiO 2 -polymer film SAs mean that the low insertion-loss and high damage-threshold requirements for solid-state-laser intracavity devices are not met.
In this work, we fabricate a pure TiO 2 Langmuir-Blodgett (LB) film on the surface of a quartz plate, with the aim of avoiding the thermal damage phenomenon from the addition of other materials. Further, LB technology [33] , [34] can allow the realization of large-area uniform distributions of a TiO 2 nanomaterial on a substrate, via the exertion of liquid-surface pressure, contributing to the formation of a highly transparent TiO 2 film with a linear optical absorption of 6.5%. The insertion loss of the SA device was also optimized, to values as low as 14%, and the corresponding nonlinear modulation depth, saturation intensity, and non-saturable loss were measured as 4.3%, 0.125 MW/cm 2 , and 9.8%, respectively. Based on the outstanding nonlinear optical properties of the prepared TiO 2 SA, Q-switched pulses with widths of 769-173 ns were obtained, corresponding to repetition rates in the range of 0.549-2.008 MHz. The maximum average output power of the Q-switched laser is as high as 2.35 W. To the best of our knowledge, this result represents the best among the previously published reported results for pulsed lasers with TiO 2 -based SAs. We calculated that the highest obtainable pulse energy and peak power are 1.17 μJ and 6.76 W, respectively. The realization of a Q-switched pulsed laser verifies the high thermal damage resistance of nonlinear TiO 2 nanomaterial SAs and their potential for application in solid-state pulsed lasers.
Preparation and Characterization of TiO 2 SA
A LB membrane system (JML04C1, Powereach, China), including a Langmuir trough, double barriers, and a force transducer, was employed to fabricate the ultra-thin TiO 2 film in this experiment. Details of the fabrication process are illustrated in Fig. 1 . TiO 2 powder is dissolved in deionized water with the assistance of a solvent (sodium dodecyl sulfate, SDS) using a liquid phase exfoliation (LPE) method [32] . After ultrasonication and centrifugation, a TiO 2 nanomaterial suspension solution is obtained. In order to improve the dispersal of the TiO 2 nanomaterial over the surface of the subphase in the subsequent film-formation step, we added methanol and chloroform as dispersants to the TiO 2 suspension; for these additions, the volume ratio of suspension:methanol:choloroform was 4:16:3. The deionized water subphase just filled the Langmuir trough, then a 1-mm-thickness hydrophilic quartz plate was fixed on the platinum hanger of a surface pressure detector and slowly vertically dipped into the water subphase in the Langmuir trough. Next, the prepared TiO 2 solution was inserted into the trough at a rate of 0.1 mL/min, so that it dispersed rapidly on the surface of the water subphase. The surface pressure of the air-water interface could be varied by using a pair of mobile barriers to compress the floating TiO 2 Langmuir film. It was demonstrated in this experiment that a surface pressure of 30 mN/m is conducive to the formation of a complete, uniform TiO 2 LB film. Thus, under such surface pressure, the two surfaces of the quartz plate are coated evenly by the TiO 2 nanoplates when it is vertically lifted from the Langmuir trough at a rate of 0.8 mm/min. In order to further reduce the absorption loss of the device, we cleaned off one of the two surface coatings. Finally, the TiO 2 LB SA device was obtained after drying at 80°C for 24 h.
The linear optical transmission curve of the TiO 2 SA device in the wavelength range of 600-1100 nm was measured using a spectrophotometer. As shown in Fig. 2(a) , the transmission spectrum of the pure quartz plate was recorded as a reference, and this displays a flat profile at 92.3 ± 0.3% in the wavelength range of interest; moreover, the transmission of the quartz plate coated with the TiO 2 LB film is also spectrally flat, at 86.1 ± 0.3%. Taking into consideration the loss of quartz substrate, we compute the linear optical loss of the pure TiO 2 LB film to be 6.5%. We further characterized the TiO 2 LB film, by measuring its Raman spectrum, using a Raman spectrometer excited by a 532-nm laser source; the measured Raman characteristic peaks are shown in Fig. 2(b) . Four characteristic peaks located at 152.8, 401.6, 521.6, and 638.3 cm −1 represent E g (1), B 1g , A 1g , and E g (2) vibrational modes, respectively, which are indicative of the anatase crystalline structure for TiO 2 [27] . Moreover, in the wavenumber range of 100-3000 cm −1 no other Raman peak is present, confirming that no impurities exist in the LB film. We also carried out scanning electron microscopy (SEM) and atomic force microscopy (AFM) of the prepared LB film to characterize the morphology and distribution of the TiO 2 nanomaterial. From the SEM image shown in Fig. 2(c) , TiO 2 nanoparticles appear to be flat on the surface of the quartz substrate, evenly distributed on the scale of 500 nm, and the size of the nanoparticles is relatively uniform. The AFM image presented in Fig. 2(d) reveals the thickness and diameter of the TiO 2 nanoparticles as 14 nm and 47 nm, on average, respectively. From the Fig. 2(c) and (d), it can be seen that the distribution of TiO 2 nanoparticles in the film is scattered and the quartz substrate are not fully covered, so the thickness of film equals the thickness of the TiO 2 nanoparticle.
The TiO 2 -nanomaterial SAs previously reported exhibit excellent nonlinear optical absorption properties with modulation depths of 30-40% at a laser wavelength of 1.5 μm [27] - [31] . However, high optical absorption caused by such large modulation depths results in too much intracavity loss in a solid-state laser cavity, hindering laser generation. In order to obtain a SA device with low insertion loss for solid state lasers, we prepared the TiO 2 LB film with an optical loss of only 6.5% by the above-mentioned fabrication process. The nonlinear optical transmission properties of the SA device were measured and are displayed in Fig. 3 . As shown in Fig. 3(a) , the laser source we used to test the new SA is a home-made mode-locked Nd:YVO 4 laser with pulse duration of 25 ps, repetition rate of 120 MHz, and central wavelength of 1064 nm. By using a beam splitter, we extracted a laser beam with half of the total power for use as the SA input reference laser intensity. A variable optical attenuator (VOA) and convex lens are respectively used to continuously alter the input laser power and adjust the spot size on the surface of the SA, and two identical power meters are used to monitor the real-time difference in input and output laser powers synchronously. A series of transmittance data under different input laser intensities was measured and is displayed in Fig. 3(b) ; the data are fitted with the following function:
where T(I ) is the transmission, T is the modulation depth, I is the input laser intensity, I sat is the saturation intensity, and T ns is the non-saturable loss. From the figure we can see that T, I sat , and T ns were calculated as 4.3%, 0.125 MW/cm 2 , and 9.8%, respectively. The prepared TiO 2 SA with low non-saturable loss (9.8%) and modulation depth (4.3%) is more suitable for application to the solid-state lasers than the previously reported TiO 2 -nanomaterial SAs. In addition, compared to chemical vapor deposition (CVD) [35] and pulsed laser deposition (PLD) [36] methods, the lowcost LB processing can be carried out at ambient temperature and atmospheric pressure, which is more suitable for the commercialization of SA device fabrication. Furthermore, the higher the membrane density and thickness are, the larger the value of modulation depth, saturation intensity, and non-saturable loss are. The uniform distribution of TiO 2 nanomaterials in the film is caused by forcing the surface pressure and membrane densities is selected by altering the pressure; the number of film-forming steps determines the film thickness. Thus, there is ample scope for diversity in the development of nonlinear parameters of these films, and the desired nonlinear values can be obtained by controlling the surface pressure and the accumulation of film-forming number.
Experimental Setup
The laser cavity structure used in our experiment is illustrated in Fig. 4 ; the linear cavity has a length of 30 mm. The gain medium is an a-cut Nd:GdVO 4 crystal with a Nd 3+ concentration of 0.3 at.% that is cut into a 3 mm × 3 mm × 10 mm cuboid, with the long axis aligned with the laser propagation direction. Both of its light-passing faces are coated with 808-nm and 1064-nm anti-reflection (AR) films to allow sufficient traversal of the pump and oscillating laser. The pump source is an 808-nm fiber-coupled laser diode (LD) with a maximum output power of 30 W, beam waist of 200 μm, and numerical aperture of 0.22. Using an optical focusing system, the size of the pump laser beam when focused onto the Nd:GdVO 4 crystal is 400 μm. The end mirror M 1 is a plane dichroic mirror and its surface is coated with an 808-nm high-transmission (HT) film and a 1064-nm high-reflection (HR) film. The end mirror M 2 is not only an output coupler (OC) with a transmission of 9% but also a plano-concave mirror with a radius of curvature of 100 mm that can alter the spot size on the SA. The TiO 2 SA was inserted between M 2 and the gain crystal. By simulations based on ABCD propagation matrix theory, the laser beam radius in the gain medium was obtained as in the range of 116-117.5 μm, and the spot radius on the surface of SA varies between 118 and 129 μm with the fine tuning of the position of the SA. During normal laser operation, the Nd:GdVO 4 crystal is maintained at 20°C by a cool-water machine to minimize thermal lensing effects.
Experimental Results and Discussion
By fine tuning the alignment of the cavity mirrors and enhancing the pump power, continuous wave (CW) operation with a lasing threshold of 2 W was obtained. Next, we inserted the prepared TiO 2 SA into the laser cavity and optimized the laser output by further increasing the power of the pump, also changing the distance between the SA and M 2 , until Q-switched (QS) pulses appeared. Figure 5 displays the stable QS pulse trains under pump powers of 4, 7, 10, 13, and 16 W. The pulsed generation is due to the sudden depress of laser oscillation threshold caused by fully saturated absorption of SA. After the first pulse outputs, the absorption of SA return to high initial value, and the inverted population can be re-accumulated in preparation for the formation of next pulse. According to the passive Q-switching principle, under higher pump power, shorter saturation absorption period of SA and stronger stimulated radiation would contribute to the generation of pulses with higher repetition rate and narrower pulse width, respectively. Therefore, it can be seen from Fig. 5 that QS pulse durations become narrower with increasing pump power, while the number of pulses occurring in the same period of time increases. Figure 6(a) shows the evolution of pulse width and repetition rate versus pump power. The repetition rate curve presents a continuous upward trend, from 0.549 to 2.008 MHz, as pump power increases from 4 to 16 W, the width of a single pulse drops from 769 to 173 ns. Then, we calculated the amplitude jitter rate to characterize the amplitude stability of QS pulses. Based on the function,
where R a is the amplitude jitter rate,Ā is the average amplitude, A i is the amplitude of pulse. The measured amplitude jitter rate is 1.9%. During the experiments, the average output powers of the CW and QS lasers were measured as a function of pump power, with measurements recorded over a pump power range of 2-16 W at intervals of 0.5 W (Fig. 6(b) ). It is apparent from the figure that both groups of average output power increase approximately linearly with pump power, by ignoring a few abnormal data caused by thermal lensing effect of the gain medium and the slight jitter of pump power. After linear fitting, the slope efficiencies of the CW and QS lasers are 51.8% and 17.1%, respectively. The slope efficiency of QS laser is less than that of CW laser, which mainly attributes to the loss from nonsaturable absorption of TiO 2 SA. Thus, in order to increase the slop efficiency and output power of Q-switched laser, future design of new emerging SAs should focus on the decrease of non-saturable absorption loss, including the selection of higher transmittance substrate and the optimization of nanomaterials' thickness. For a pump power of 16 W, the maximum average output power of the QS laser approaches 2.35 W. Due to a thermal lensing effect of the gain medium caused by high-intensity pump-laser irradiation, the intracavity laser beam size changes and laser operation transforms from QS into CW when the pump power exceeds 16 W. Thus, the narrowest pulse, with a duration of 173 ns, is achieved at a pump power of 16 W and its profile is displayed in Fig. 6(c) .
Based on the average-output-power, pulse-width, and repetition-rate data, we calculated the corresponding single pulse energies and peak powers of the QS laser. The variation of these calculated values with pump power are presented in Fig. 6(d) . Ignoring a few abnormal data outliers, both single pulse energy and peak power increase with the power of the pump, confirming that our laser output is of the QS mode rather than the relaxation oscillation mode; in the latter mode, although the repetition rate increases with pump power, the peak power does not. The largest single pulse energy, 1.17 μJ, and the highest peak power, 6.76 W, were obtained when the pump power was 16 W.
In this study, we applied an as-fabricated TiO 2 SA to a solid state laser cavity for the first time. Unlike previously reported TiO 2 -polymer composite film SAs used in fiber lasers, our TiO 2 SA device was fabricated by uniformly distributing the TiO 2 nanomaterials on the surface of a quartz plate using the LB film-forming method. Without the addition of polymer materials that have low flatness and heat resistance, the pure-TiO 2 LB-film SA exhibits excellent an modulation depth of 4.3% and a lower non-saturable loss of 9.8%; in addition, TiO 2 nanomaterials possess intrinsic stability and high thermal damage thresholds, avoiding the thermal damage problems of SA devices used in high-intensity lasers, and contributing to the generation of passive Q-switching pulses in solid-state lasers. The detailed comparison between passive Q-switching operations by the TiO 2 -polymer film SA and our laser result are exhibited in Table 1 . Compared to previously reported work, our Q-switched pulses have higher average output power, peak power, and pulse energy, verifying the superiority of the TiO 2 LB-film SA and its application potential in pulsed solid-state lasers. Additionally, both the pulse width of 173 ns and repetition rate of 2.008 MHz are also the best results among Q-switched lasers based on TiO 2 SA so far. Table 2 shows several representative Q-switching laser results at 1 μm spectral region based on various new nanomaterials SAs. From the Table, we can see that the average output power and pulsed energy values obtained in our work are higher than the lasers results operated by BP nanomaterials. However, our laser parameters including the pulse width and pulsed energy still lag behind the QS lasers with Graphene and TMDs SAs. So far, the two latter SAs have been relatively maturely used in the generation of passive Qswitched pulsed lasers; the reported Q-switching pulsed energy and corresponding pulse width have been already above 10 μJ and below 100 ns, respectively [6] . As a kind of new SA, TiO 2 nanomaterial exhibits ultrashort recovery time (1.5 ps), excellent saturable absorption, and high thermal stability, therefore, its application potential in pulsed laser is competitive with the Graphene and TMDs. In order to make full use of the excellent nonlinear performance of TiO 2 nanomaterials, and further enhance the laser output energy and power, our next research focus is to optimize the modulation depth and non-saturable loss as well as improve the controllability and stability of nonlinear parameters.
Conclusion
In summary, a highly stable and heat-resistant TiO 2 -nanomaterial SA was used for pulse modulation in a passively Q-switched solid state laser for the first time. Utilizing LB film-forming technology, we fabricated a TiO 2 SA device with a nonlinear modulation depth of 4.3%, saturation intensity of 0.125 MW/cm 2 , and non-saturable loss of 9.8%, conforming with the high-transmission requirement of laser devices for solid state lasers. By inserting the SA into a laser cavity, the pulse width of the obtained Q-switched laser is in the range between 769 and 173 ns, and the corresponding repetition rates vary from 0.549 to 2.008 MHz. It is noted that the maximum laser average output power reaches 2.35 W, and the corresponding pulse energy and peak power are as high as 1.17 μJ and 6.76 W, respectively, which indicates good application potential for TiO 2 nanomaterials for the generation of large energy pulses in solid state lasers as well as the superiority of traditional LB technology for high-quality ultra-thin film formation.
